The mitochondrial respiratory chain is required for the induction of some yeast hypoxic nuclear genes. Because the respiratory chain produces reactive oxygen species (ROS), which can mediate intracellular signal cascades, we address here the possibility that ROS are involved in hypoxic gene induction. Recent studies with mammalian cells have produced conflicting results concerning this question. These studies have relied almost exclusively on fluorescent dyes to measure ROS levels. Insofar as ROS are very reactive and inherently unstable a more reliable method for measuring changes in their intracellular levels is to measure their damage (e,g., the accumulation of 8 -hydroxy-2'-deoxyguanosine (8-OH-dG) in DNA, and oxidative protein carbonylation) or to measure the expression of an oxidative stress-induced gene, e.g., SOD1.
Introduction
In many organisms, adaptation to changing oxygen concentrations is achieved both by the short-term effects of oxygen on energy metabolism and the long-term effects of oxygen on the expression of oxygen-responsive genes in the nucleus. These oxygen-regulated nuclear genes can be placed into one of two groups: aerobic genes, which are transcribed optimally in the presence of air; and hypoxic genes, which are transcribed optimally under anoxic or micro-aerophilic conditions. The oxygen-responsive transcription factors that regulate these genes have been identified in a number of different organisms (5) (6) (7) (8) but despite a great deal of progress in understanding how these transcription factors function the nature of the more proximal events involved in oxygen sensing have remained elusive. Two fundamentally different types of model have been proposed. In the first model, oxygen has a direct effect on transcription either by acting on a transcription factor itself or by affecting a component that interacts with a transcription factor (8) (9) (10) (11) . In a second model, oxygen is sensed more distally by a proximal oxygen sensor, a signal is produced, and the signal initiates a signal transduction cascade that affects distal transcription factors (for review see (12) ).
Two different hemoproteins have been implicated as possible oxygen sensors for the induction of hypoxic genes in eucaryotic cells. One is a multisubunit cytochrome b -like NAD(P)H oxidase present in the plasma membrane of mammalian cells. It has been proposed that in the presence of oxygen this protein generates superoxide, which is converted to hydrogen peroxide and other reactive oxygen species (ROS) that serve to facilitate degradation of Hif-1α, a subunit of the global hypoxic transcription factor Hif-1 (13) . This leads to the suppression of expression of Hif-1 regulated hypoxic genes under normoxic conditions. According to this model, ROS levels drop in cells exposed to reduced atmospheric oxygen; this leads to the stabilization of Hif-1α, and the induction of Hif-1-regulated hypoxic genes. The second hemoprotein that has been implicated in the induction of hypoxic genes is cytochrome c oxidase. Studies with yeast using cytochrome c oxidase deficient yeast nuclear mutants, a respiratory deficient ρ o mutant, or respiratory inhibitors have shown that cytochrome c oxidase and the mitochondrial respiratory by guest on November 15, 2017 http://www.jbc.org/ Downloaded from chain are required for the induction of nuclear hypoxic genes when cells are exposed to anoxia (14, 15) . Similar studies with mammalian tissue culture cells, using respiratory deficient ρ o cells, respiratory inhibitors, and xenomitochondrial cybrids, have reported that the respiratory chain is required for the induction of hypoxic genes in Hep3B hepatoma cells (16) and osteosacoma cells (17) . Studies with Hep3B cells also have reported that the respiratory chain produces reactive oxygen species when cells are shifted to hypoxic conditions, that the concentrations of these ROS increase throughout the cell, and that this increase in ROS concentration serves to stabilize Hif-1α, which then l eads to the induction of Hif-1 dependent nuclear hypoxic genes (16, 18) . It is not clear if the respiratory chain is required for hypoxic gene induction in all mammalian cell types (e.g., see (19, 20) ). Also unclear is whether ROS influence the activity of the prolyl or asparagine hydroxylases that have recently been implicated in the stabilization and function of Hif-1α (8, 21 ).
The models that have been proposed for how cytochrome b-like NAD(P)H oxidase and cytochrome c oxidase function as oxygen sensors for Hif-1 dependent induction of hypoxic nuclear genes in mammalian cells have both focused on ROS as intermediaries that connect a proximal oxygen sensor with the distal transcription factor. However, they are diametrically opposed with regards to the effects of hypoxia on intracellular ROS levels. Whereas the first model requires that ROS levels decrease in cells exposed to hypoxia the second model requires that they increase. Experiments designed to determine how hypoxia affects ROS levels in mammalian cells have produced conflicting results, often with the same cell type. For example, one group has reported that ROS levels in Hep3B hepatoma cells increase upon exposure to hypoxia (18) while another group has reported that ROS levels decrease in HepG2 (22) or Hep3B hepatoma cells to hypoxia (23) . These studies used fluorescent dyes (either 2',7'-dichlorofluorescein diacetate or dihydrorhodamine 123) to measure ROS levels in cells exposed to hypoxia. Although these dyes are widely used to assess intracellular Brunswick Scientific BioFloIIc fermentor, equipped with a gas-flow train that allows cells to be cultured to steady state at defined oxygen concentrations (29) . These fermentor cultures were grown in air to a cell density of ~ 2 X 10 7 cells per ml; then the gas entering the fermentor vessel was changed to O 2 -free N 2 containing 2.5% CO 2 . Anaerobic cultures were grown in the fermentor in the dark at 28°C and 200 rpm, and sparged with a gas mixture containing 97.5% N 2 and 2.5% CO 2. The gas mixture was passed through an Oxyclear O 2 absorber (Lab-Clear, Oakland, CA) to prevent trace O 2 from entering the fermentor. Temperature, pH, sparge rate, and dissolved oxygen concentration in the fermentor were monitored and maintained as described (15, 29) . Both anoxic and shift cultures were grown in the dark to prevent photoinhibition (30).
Cell growth was followed by measuring turbidity with a Klett-Summerson colorimeter (No.54 green filter) and cells were harvested in mid-logarithmic phase. During harvest, cultures were chilled to -4 °C, washed twice with ice cold distilled water, and either processed immediately or frozen in liquid nitrogen.
7 was quantitated. All steps after spheroplasting were performed at 4°C. The spheroplasts were harvested by centrifugation (5 min at 3000 x g), washed gently in post-spheroplast buffer (1.5 M sorbitol, 1mM Na 2 EDTA, 0.1% bovine serum alb umin, pH 7.0) and sedimented at 3000 x g. The pelleted cells were resuspended in lysis buffer (0.6 M mannitol, 2 mM Na 2 EDTA, 0.1% bovine serum albumin, pH 7.4) and lysed in a Sorvall Omnimixer (3 sec at low speed and 25 sec at full speed). The cell lysate was then centrifuged for 5 min at 1,900 x g to pellet unbroken cells, nuclei, and debris. The supernatant contained the mitochondria as well as cytosolic proteins. It was decanted and centrifuged for 10 min at 12,100 x g to pellet the mitochondria. The resulting supernatant was saved as the cytosolic fraction and frozen in liquid nitrogen. The mitochondrial pellet was washed in mitochondrial lysis buffer minus bovine serum albumin (pH 7.0), homogenized with a glass-Teflon homogenizer, and centrifuged at 1651 x g for 5 min to pellet cell debris that was trapped in the pellet. The supernatant, containing the mitochondria, was decanted and centrifuged at 23,000 x g for 10 min. The mitochondrial pellet was resuspended in Blotting apparatus. Oxidatively modified proteins were detected with anti-DNP antibodies (DAKO), (at a dilution of 1:4000), and secondary horseradish peroxidase linked antibodies, (at a dilution of 1:25000), followed by a chemiluminescence reaction using a chemiluminescence detection kit (Perkin Elmer Life Sciences). Gels were scanned and the resulting image s were evaluated using Melanie 3 (Geneva Bioinformatics, Geneva, Switzerland) software.
Protein Identification by MALDI Mass Spectrometry:
Silver-stained spots were cut out of the gels for in-gel digestion and destained with 1 ml of 50 mM Na-thiosulfate, 15 mM Kferricyanide followed by 4 washes in 1 ml Milli-Q H 2 O. The spots were then equilibrated for 20 min in 500 µl 100 mM ammonium bicarbonate and then incubated for 20 min in 500 µl 50% acetonitrile, 50 mM ammonium bicarbonate. The spots were dried, rehydrated for digestion with peptides were extracted from the gel matrix by sonication for 20 min and then concentrated using Zip Tips (Millipore Corporation, Bedford, MA). Peptide mass figure printing was performed using a Perkin Elmer Voyager-DE STR, operating in delayed reflector mode at an accelerating voltage of 20 kV. The peptide samples were co-crystallized with matrix on a gold-coated sample plate using 0.6 µl matrix (α-cyano-4-hydroxy-transcinnamic acid ) and 0.6 ul sample. After external calibration with protein standards the spectra were internally calibrated using trypsin autolysis products. The monoisotope peptide masses were assigned and then used in database searches with PeptIdent (http://ca.expansy.org/tools/peptident.html). Cysteines were treated with iodoacetamide to form carboxyamidomethyl cysteine and methionine was considered to be oxidized. One missed cleavage was allowed and a minimum of 4 matching peptides was required for a match. A pI range of +/-2.00 and a Mw range of +/-20% were used for the database search.
Criteria used to identify each protein included the extent of sequence coverage, the number of peptides matched, and the match with the theoretical pI and Mr as determined from the gel.
RNA Isolation and Northern Blotting:
Total RNA, isolated as described previously (38) was denatured and separated on 1.5% agarose gels containing MOPS-formaldehyde buffer 
Results
Recent studies with mammalian c ells have produced conflicting results concerning whether exposure to hypoxia is a form of oxidative stress (18, 22, 23 (29) . When the sparge gas in this system is shifted from oxygen (normoxia) to 97.5% N 2 /2.5% CO 2 (anoxia) the oxygen concentration in the fermentor falls rapidly and decreases to less than 0.5% of its normoxic level within 5 minutes (Figure 1, insert) . As shown in Figure 1 there is an immediate decline in carboxy-H 2 -DCFDA fluorescence during the shift. After 180 minutes the level of fluorescence reaches a plateau, which approximates that measured in anoxic JM43 cells.
The decline in carboxy-H 2 -DCFDA fluorescence after a shift to anoxia can be interpreted in at least two ways. First, it may reflect a decline in H 2 O 2 levels. Because the oxygen concentration decreases during a shift it would not be surprising if H 2 O 2 levels would decrease as well.
Alternatively, the decline in fluorescence may result from a decrease in carboxy-H 2 -DCFDA stability or level inside of cells. In order to decide between these possibilities we did an experiment designed to measure the total amount of dye within cells after a shift. Cells in the presence of carboxy-H 2 -DCFDA were shifted from normoxic to anoxic conditions, as above.
Aliquots of cells were collected every 20 minutes after the shift, the dye was oxidized by adding 1% hydrogen peroxide, and fluorescence was measured. From Figure 1 it can be seen that the decrease of fluorescence after a shift to hypoxia correlates with the decrease of intracellular levels of carboxy-H 2 -DCFDA. This finding supports the conclusion that the decline in fluorescence observed in the first experiment is a result of a decrease in the amount of intracellular dye. This decrease may reflect breakdown of the dye in the media, a decrease in the rate of uptake of the dye, or an increase in the efflux of the dye from the cell. Regardless of the reason for this decrease in intracellular dye concentration during the shift, the decrease itself makes it clear that carboxy-H 2 -DCFDA is unsuitable for assessing oxidative stress in yeast cells shifted from normoxia to anoxia and emphasizes the need for additional ways of determining whether cells shifted from normoxia to anoxia experience oxidative stress.
The Levels of 8-OH-dG in Mitochondrial and Nuclear DNA Increase Transiently
During a Shift From Normoxia to Anoxia. One common method for determining cellular exposure to oxidative stress is to measure oxidative DNA damage (49) . This is most easily done by assaying levels of 8-OH-dG that accumulate in DNA by using HPLC in conjunction with electrochemical detectio n. The accumulation of this oxidatively modified deoxynucleoside is an easily assayed product of oxidative damage to DNA. In normoxic yeast cells harvested prior to a shift to anoxia the average 8-OH-dG levels in mtDNA are much higher, 6-7 fold, than levels in nDNA ( Table 2 ). This has been reported for cells from other organisms as well (50) , and most likely results from the proximity of mtDNA to mitochondrial respiration, the major source of ROS in most cells. During a shift from normoxia to anoxia the levels of 8-OH-dG in both mtDNA and nDNA show transient increases. The average increase we observe is about 3.5 fold for mtDNA and 2.3 fold for nDNA (Table 2) . Data from three independent shift experiments indicate that 8-OH-dG levels in mtDNA increase to a maximum between 90 and 180 minute after a shift and then decline. Similarly, the levels of 8-OH-dG levels in nDNA start to increase between 30 and 60 minutes and then decline. These findings indicate that both nuclear and mitochondrial DNA are exposed to transient oxidative stress when yeast cells are shifted from normoxia to anoxia. The findings tha t two independent indicators of oxidative stress, 8-OH-dG and protein carbonylation levels, increase when yeast cells are shifted from normoxia to anoxia clearly indicate that there is a rise in ROS levels after a shift to hypoxia and suggest that cells exposed to anoxia experience oxidative stress. Importantly, this increase in oxidative stress was not detected with carboxy-H 2 -DCFDA, probably because the dye leaked out of the cells during exposure to anoxia ( Figure 1 ).
Effects of a Shift to
Carbonylation in response to oxidative stress affects specific proteins. To determine whether the increase in protein carbonylation affects specific proteins or has a more general widespread effect, we subjected mitochondrial and cytosolic fractions to two-dimensional electrophoresis followed by immunoblot analysis with anti-DNP antibodies. Fractions from normoxic cells were compared to mitochondrial and cytosolic fractions taken at those times after a shift when protein carbonylation is maximal. A silver stain of two-dimensional electrophoresis gels of the mitochondrial fraction taken before a shift and at 210 minutes after a shift reveals ~ 400 protein spots ( Figure 5A and 5B); this represents a significant portion of the mitochondrial proteome in yeast (~450 proteins-Proteome.com). By comparing the silver stain patterns of mitochondria taken before and after the shift it appears that there is no obvious change in pattern ( Figure 5A versus 5B). This indicates that there is no gross degradation or synthesis of mitochondrial proteins during this period. By comparing the anti-DNP staining pattern it is clear that specific mitochondrial proteins are carbonylated and that their level of carbonylation increases after the shift ( Figures 5C and 5D ). These proteins range in size from apparent molecular weights of 23kDa to 87kDa and have apparent isoelectric points between 5.6 and 7.7 (Table 3 ). The level of carbonylation on nine of these proteins, indicated in Figure 5 , show an average increase of more than two-fold with maximum increases up to 17 fold (Table 3) .
The silver stained two-dimensional gels of the post-mitochondrial cytosolic fractions also resolve ~ 400 protein spots ( Figures 6A and 6B) . As was the case for the mitochondrial fraction the silver stain patterns of cytosolic fractions taken before the shift is very similar to that taken after the shift, again indicating that there is little, if any, protein degradation after the shift ( Figure   6A and 6B). Anti-DNP staining makes it is clear that specific cytosolic proteins are carbonylated and that their level of carbonylation increases after the shift ( Figures 6C and 6D ). They have apparent molecular weights between 33 and 77kDa and apparent isoelectric points between 5.3 and 7.5. The level of carbonylation of fourteen of these proteins, indicated in Figure 6 , showed average increases by more than two-fold and some increased by as much as 14 fold (Table 3) .
We subjected the 9 mitochondrial and 1 4 cytosolic protein spots whose level of carbonylation on average increased by at least twofold after a shift to in-gel digestion with trypsin, followed by peptide mass fingerprinting and MALDI analysis of the eluted peptides.
These proteins were identified based on their apparent molecular weights, isoelectric points, intracellular location, and MALDI patterns (Table 4) . Interestingly, some of the proteins that experience enhanced carbonylation (glyceraldehyde-3-phosphate dehydrogenase, pyruvate decarboxylase, enolase, and aconitase) in cells shifted to hypoxia are identical to proteins that experience enhanced carbonylation in cells exposed to peroxidative stress (54) . This provides further support for the conclusion that cells shifted to anoxia experience oxidative stress.
With the exception of phosphoglycerate kinase, which was identified in both mitochondrial and cytosolic fractions, no carbonylated mitochondrial protein was found in the cytosol. This makes it unlikely that the decline in carbonylation observed soon after the shift (Figure 3 ) is due to the release of carbonylated proteins from mitochondria. Phosphoglycerate kinase is an abundant cytosolic protein so the finding that it is present in both fractions may represent cross-contamination of the mitochondrial fraction by the cytosol. Alternatively, it is possible that this enzyme is one of many that is encoded by a single nuclear gene but that is shared between mitochondrial and cytosolic compartments (e.g., (55, 56) .
Induction of SOD1 after a Shift to Anoxia. Yeast genes that encode stress proteins are
aerobic genes whose expression is maximal in air and reduced under anoxic conditions (c.f. (14,57) ). They are also induced by oxidative stress brought about by exposure to oxidants such as H 2 O 2 and paraquat (57) (58) (59) . In view of our finding above that yeast cells experience transient oxidative stress upon being shifted to anoxia it was of interest to ask if a stress response gene is also induced transiently during a shift to anoxia. To address this we investigated the expression of SOD1, the gene for Cu,Zn-superoxide dismutase, after a shift to anoxia. During a shift to anoxia, mRNA levels from this gene decline to about 30% of their aerobic level within 4 hours after the shift and then increase to levels that exceed their normoxic levels ( Figure 7 ). The finding that SOD1 mRNA levels initially declines is expected for an aerobic gene because cells experience reduced oxygen concentrations during a shift from normoxia to anoxia. Moreover, the increase in SOD1 expression after 4 hours of exposure to anoxia is consistent with the conclusion reached above that cells exposed to anoxia experience oxidative stress. The time of induction of SOD1 comes at a time that is after proteins and DNA show maximal oxidative damage, again indicating that yeast cells shifted to anoxia experience oxidative stress and that this stress is not immediate, but delayed by 2-3 hours.
Discussion
The results of this study demonstrate that yeast cells exposed to anoxia experience transient oxidative stress, that specific proteins become selectively carbonylated during exposure to anoxia, that some of these proteins are also selectively carbonylated during peroxidative stress, and that most of the protein carbonylation in yeast cells comes from ROS generated by mitochondrial respiration. These findings, together with those of previous studies with yeast (15) and mammalian cells (16, 18) , raise the question of whether mitochondrially-generated ROS function as 'signals' in a signal transduction pathway for the induction of yeast hypoxic nuclear genes.
Exposure to Anoxia is a Type of Oxidative Stress. The conclusion that yeast cells experience transient oxidative stress when exposed to anoxia is based on three different observations. First, mtDNA, and to a lesser extent, nDNA accumulate elevated levels of 8-OHdG. After a shift to anoxia 8-OH-dG levels in mtDNA increase an average of nearly 4-fold whereas 8-OH-dG levels in nDNA increase by about 2.5-fold. The peak increase in 8-OH-dG levels comes earlier after the shift for nDNA than for mtDNA. After they peak, the levels of 8-OH-dG in both mtDNA and nDNA decline to their normoxic levels. This decline probably represents the results of base excision and nucleotide excision repair (60, 61) .
The second observation that supports the conclusion that exposure to anoxia induces oxidative stress comes from measuring levels of protein carbonylation at different times after a some oxidized proteins are resistant to degradation (63) . Moreover, it is not yet known how mitochondria degrade oxidized proteins. Nonetheless, our data support the overall conclusion that an increase in ROS leads to enhanced oxidation of protein and DNA after a shift to anoxia and that the oxidative damage that is caused is repaired.
The third observation that supports the conclusion that yeast cells exposed to anoxia experience oxidative stress comes from following the expression of SOD1 after a shift to anoxia.
SOD1 is an aerobic gene whose expression is induced above its normoxic levels in hyperbaric cells and in cells exposed to oxidants (57, 59) ; it is repressed in cells grown to steady state under anoxic conditions (57) . We have found that during a shift to anoxia SOD1 mRNA levels initially decline and then increase. The increase in SOD1 expression occurs after the peaks in protein carbonylation and 8-OH-dG levels, suggesting that the transient increase in ROS that preceded these peaks in DNA and protein oxidation also stimulates the expression of SOD1.
Finally, our findings with carboxy-H 2 -DCFDA raise serious questions concerning the reliability of using fluorescein-based analogues for assaying ROS levels in cells shifted from normoxic to anoxia. Although these compounds have been widely used they are problematic for a variety of reasons. First, it is not clear what ROS they detect. Second, it is not known whether they are capable of sampling all cellular compartments. Third, their oxidized forms are unstable.
And fourth, they leak out of cells. The latter is a particular problem for the type of experiments performed here where cells are loaded with the dye, shifted from normoxia to anoxia, and followed for 6 hours.
Specific proteins become selectively carbonylated upon exposure to anoxia.
Interestingly, not all proteins acquire enhanced levels of carbonylation after a shift to anoxia.
This suggests that only certain proteins are the targets of oxidants generated during the shift.
Some of these proteins (glyceraldehyde-3-phosphate dehydrogenase, pyruvate decarboxylase, enolase, and aconitase) are identical to proteins that are modified during exposure of yeast cells to hydrogen peroxide (53) . The finding that specific proteins become carbonylated after a shift to anoxia is also interesting because it clearly demonstrates that protein carbonylation (i.e., oxidation) is selective. However, it is not known what determines this selectivity. It is clear that protein carbonylation is not determined by protein size, pI, abundance, or the presence of metal binding sites. Also unclear is whether selective protein oxidation has any physiological meaning for cellular adaptation to anoxia. In this context, it is important to note that carbonylation is merely a convenient measure for protein oxidation and that there are many other types of amino acid side chain oxidation (e.g., formation of o-tyrosine, n-tyrosine, or dityrosine). It is possible that any one of these post-translational protein modifications may have an important role in physiological adaptation to growth in different oxygen environments. hypothesis that the stress response that yeast cells experience during a shift to anoxia comes from within the cell and can not be mimicked by exogenous oxidants.
Conclusions:
The findings reported here clearly demonstrate that yeast cells experience oxidative stress when exposed to anoxia. This is surprising. Indeed, it raises many questions. cells were maintained in steady state normoxic growth in the fermentor for at least 6 generations; the sparge gas was then switched from air to 97.5% N 2 /2.5% CO 2 . Cells were harvested and total RNA was isolated and subjected to Northern blot analyses as described in Experimental
Procedures . The relative signal intensity was measured using a Molecular Dynamics Storm 860
PhosphorImager. Transcript levels were normalized to the level of ACT1 mRNA and are presented as a decimal percent of their steady-state levels, under aerobic conditions (lane 1). Lane 1, aerobic cells before the shift; lanes 2-7, 1, 2, 3, 4, 5, and 6 h, respectively, after the shift; lane 8, anaerobic cells. Aliquots (~50 µg) of mitochondrial or nuclear DNA, taken from cells before and at different times after a shift to anoxia, were hydrolyzed with nuclease P 1 and alkaline phosphatase and injected onto a YMC basic S3 column (4.6 mm x 150 mm) that was developed using a mobile phase of 100 mM sodium acetate in 4% methanol, pH 5.2. The oxidized guanine adduct, 8-OHdG, was detected using an eight electrode ESA CoulArray electrochemical detection system (ESA, Inc., Chelmsford, MA) with cell potentials set between 250 and 400 mV. The eighth cell was adapted to connect with a Shimadzu SPD-6A UV detector set at 254 nm. Non-oxidized 2'-deoxyguanosine (dG) was quantified by UV detection. Sample adduct concentrations were calculated from standard curves of 8-OH-dG (0.1 -1.5 pmol), and dG ( 0.5 -15.0 nmol). Values are the means of two or three different shift experiments +/-standard error (mt DNA n=3, nuclear DNA n=2). For each experiment, the time point used for the after shift ratio of 8-OH-dG to 2-dG was that point that has the highest level of 8-OH-dG. 
